ronmental risk factors may lead to an imbalance of homeostatic signaling [12] , including by disruption of proteostasis (protein quality control), the finely balanced synthesis, folding, and degradation of proteins [13] .
Here, we are particularly interested in Neuronal PAS Domain Protein 3 (NPAS3) , first associated with schizophrenia after the discovery that a translocation disrupting NPAS3 segregated with a small family with schizophrenia [14, 15] . Several additional lines of evidence suggest that NPAS3 is relevant to major mental illness. Specific haplotypes of NPAS3 increase the risk for both schizophrenia and bipolar affective disorder (BPAD) [16] , and single nucleotide polymorphisms within NPAS3 are associated with iloperidone antipsychotic efficacy [17] . In addition, a meta-analysis of genome-wide association studies identified NPAS3 as one of 226 genes associated with BPAD. NPAS3 was one of only 9 of these genes that were both genetically associated with BPAD and differentially expressed in the dorsolateral prefrontal cortex from individuals with BPAD [18] .
NPAS3 is a member of the basic helix-loop-helix (bHLH) family, a group of related proteins involved in regulation of neurogenesis, metabolism, and circadian rhythms [19] [20] [21] . NPAS3 contains a bHLH domain (two alpha helices connected by a loop), a PAS domain (named after the three proteins where it was originally identified, period , aryl hydrocarbon receptor and single-minded ), and a transcriptional activation domain [22] . The basic helixloop-helix region is involved in DNA binding and dimerization [22] . The affinity of NPAS3-interacting proteins for the PAS domain varies based on environmental and cellular signaling [22] . Mice with targeted disruption of NPAS3, with consequent loss of expression of NPAS3 protein, display behavioral abnormalities that have been associated with schizophrenia [23, 24] including reduced prepulse inhibition, hyperactivity, decreased learning and memory, impaired social recognition, and poor maternal nurturing instincts [23, 24] . In addition, these mice have deficiencies in reelin and defects in hippocampal neurogenesis [19, 23, 24] .
We have previously identified a G > A mutation in exon 8 of NPAS3 that segregates with schizophrenia in a small family [25] , though the family is too small to statistically associate the mutation with the phenotype. The mutation results in a V304I change in the region between the two PAS domains. This region has been associated with DNA binding capacity, protein stability, and dimerization in two similar proteins, the aryl hydrocarbon nuclear receptor translocator and the dioxin receptor [26] . While valine and isoleucine are both hydrophobic, a valine to isoleucine mutation in amyloid precursor protein (APP) is a cause of early onset familial Alzheimer's disease [27] , in which Lewy bodies were identified in 53% of these cases [28] . In addition, a valine to isoleucine mutation in transthyretin leads to amyloidosis [29, 30] , further suggesting a link between valine to isoleucine mutations and abnormal protein conformation and aggregation. Based on these data, we hypothesized that the valine to isoleucine mutation may disrupt NPAS3 protein conformation and lead to NPAS3 aggregation.
In this study, we demonstrate that purified mutant NPAS3 protein expressed in bacteria forms high molecular weight structures, signifying aggregation, much more rapidly than purified wild type (WT) NPAS3. We confirmed this aggregation in a cell-based system, and demonstrate that mutant NPAS3 decreases soluble endogenous (WT) NPAS3, increases insoluble endogenous NPAS3, and leads to altered transcriptional activity. These data indicate the potential of NPAS3 to aggregate, and that mutations increase this propensity, with implications for cell function and disease pathogenesis.
Materials and Methods

Protein Expression of Bacterially Derived Recombinant Full-Length NPAS3 and Fragments of NPAS3
Full-length WT and NPAS3-V304I cDNA were cloned into a pEX-N-GST vector (Origene) using the Sgf I and Rsr II restriction sites. The NPAS3 fragments were cloned into a pEX-N-HIS-GST vector (Origene). The vectors were transformed into BL21-Gold(DE3) competent cells (Agilent Technologies) for protein expression. A single colony was inoculated into a low volume of Luria-Bertani broth and allowed to shake overnight at 37 ° C, 225 rpm. A 1-liter culture was inoculated with the overnight culture and induced with 1.0 m M IPTG at OD 600 of 0.7 for 3 h. The induced culture was harvested at 6,000 g for 10 min at 4 ° C and stored at -80 ° C until ready to perform purification.
Protein Purification Using Affinity Chromatography
The pellet was resuspended in 1× PBS, pH 7.3, 1 m M DTT, 1 m M PMSF and 1× protease inhibitor (Complete; Roche) and lysed by passing twice through the French press at 1,200 psi on ice. The cell suspension was clarified by centrifugation at 15,000 rpm for 15 min at 4 ° C. The lysate was purified by affinity chromatography using a column packed with Glutathione Sepharose 4B resin (GE Healthcare) that had been equilibrated with lysis buffer. The column was washed 3 times with 10 column volumes of lysis buffer without protease inhibitor. In order to elute the protein, the column was incubated with elution buffer (50 m M Tris, pH 8.0, 20 m M reduced glutathione, 1 m M DTT) for 20 min and then allowed to flow through and be collected. The eluted protein was then dialyzed against aggregation assay buffer (50 m M Hepes pH 8.0, 150 m M NaCl, 1 m M EDTA, 8.7% glycerol). Quantification of protein concentration was done using SDS-PAGE followed by Coomassie staining using bovine serum albumin as a standard.
Aggregation Assay Studies
Aggregation of the fusion protein was initiated by cleavage of the N-terminal GST or His-GST tag using the ProTEV Plus protease (Promega) according to manufacturer's specifications. To terminate the cleavage reaction, aliquots were collected over a 48-hour period and treated with NuPAGE LDS Sample Buffer (Invitrogen). The time point samples were resolved on a NuPAGE 4-12% Bis-Tris gel (Life Technologies) and transferred to a 0.45 μ M PVDF membrane (Immobilon-P; Millipore). NPAS3 peptide antibodies generated against the N-terminal amino acids (AA) 18-37 and C-terminal AA 832-847 regions of the full-length NPAS3 protein were used as the primary antibody. An anti-rabbit peroxidase-linked secondary antibody (GE Healthcare) was used at a concentration of 1: 5,000.
Exogenous NPAS3 Protein Insolubility Studies in Mammalian Cos-1 Cells
Cos-1 cells were transfected with pAAV-Htt-1-171-18Q-FLAG-ZRBS-hrGFP, pAAV-Htt-1-171-82Q-FLAG-ZRBS-hrG-FP, pCMV6 full-length NPAS3-Myc-FLAG, and pCMV6 fulllength NPAS3-V304I-Myc-FLAG at ∼ 70% confluency using a 1: 2 DNA to Lipofectine2000 ratio. Following 48 h of incubation at 37 ° C and 5% CO 2 Samples were then centrifuged at 1,800 g for 1 h at 4 ° C. The resultant pellet was then resuspended in ice-cold 50 m M Hepes and 0.2% sarkosyl and ultracentrifuged at 55,000 rpm for 1 h at 4 ° C in a TLA-100.2 fixed angle rotor. The final pellet was solubilized in 2× NuPAGE LDS Sample Buffer (Life Technologies) for gel analysis. All pellet samples were analyzed by SDS-PAGE/Western blot analysis. The gels were processed on a NuPAGE 4-12% Bis-Tris gel (Life Technologies) and transferred to a 0.45 μ M PVDF membrane (Immobilon-P; Millipore). A monoclonal anti-FLAG M2 antibody produced in mouse (Sigma) was used as the primary antibody for processing the Western blots at a concentration of 1: 5,000. An anti-mouse peroxidase-linked secondary antibody (GE Healthcare) was used at a concentration of 1: 5,000. Quantification of the Western blot was performed using ImageJ Software.
Endogenous NPAS3 Protein Levels
PAAV-Htt-1-171-18Q-FLAG-ZRBS-hrGFP, pAAV-Htt-1-171-82Q-FLAG-ZRBS-hrGFP, pCMV6 full-length NPAS3-Myc-FLAG, and pCMV6 full-length NPAS3-V304I-Myc-FLAG plasmids were transfected into a 6-well dish of ∼ 80% confluent 293FT cells. Cells were transfected using Lipofectamine 2000 reagent (Life Technologies) at a 1: 2 plasmid to Lipofectamine 2000 ratio. The cells were harvested following 48 h of incubation at 37 ° C and 5% CO 2 . The cell pellet was then resuspended in 1× PBS, pH 7.4, 1% Triton X-100, 1× Roche Complete protease inhibitor and 1 m M PMSF. The cell suspension was incubated on ice for 20 min followed by centrifugation at 16,100 g for 10 min at 4 ° C. Following centrifugation, the supernatant was collected. Total protein quantification of the supernatant sample was determined on the NanoDrop 1000 Spectrophotometer (Thermo Scientific). Supernatant samples were prepared in 1× NuPAGE LDS Sample Buffer (Life Technologies) for SDS-PAGE/Western blot analysis. The soluble protein samples were resolved on a NuPAGE 4-12% Bis-Tris gel (Life Technologies) and transferred to a 0.45 μ M PVDF membrane (Immobilon-P; Millipore). The pellet/insoluble fraction was prepared and processed as described above. An NPAS3 recombinant protein antibody to AA 773-925 was used at a concentration of 1: 1,000 as the primary antibody to detect endogenous NPAS3 protein. An anti-rabbit peroxidase-linked secondary antibody (GE Healthcare) was used at a concentration of 1: 5,000. Quantification of the Western blot was performed using ImageJ Software.
SDS-PAGE/Western Blot Analysis of Cell Death and Autophagy Markers
293FT cells were transfected using the Lipofectamine 2000 reagent (Life Technologies) at a 1: 2 plasmid to Lipofectamine 2000 ratio with pCMV6 full-length NPAS3-FLAG, pCMV6 full-length NPAS3-V304I-FLAG, or pCMV6 alone, and cell samples were collected at 48 h after transfection. The lysates were processed, and SDS-PAGE/Western blots were performed as described above. Antibodies to poly ADP ribose polymerase (PARP) (Cell Signaling) and microtubule-associated proteins 1A/1B light chain 3A (LC3) (Cell Signaling) were used at a concentration of 1: 1,000. Quantification of the Western blot was performed using ImageJ Software.
Luciferase Assay in 293FT Cells
A 5 ′ human VGF sequence (2,029 kb), containing promoter, exon1, intron1 and part of exon2, was amplified by PCR and cloned into digested pGL3 reporter vectors. 293FT cells were transfected with pCMV6 full-length NPAS3-FLAG, pCMV6 fulllength NPAS3-V304I-FLAG, or p CMV6 alone, and cell samples were collected at 48 h after transfection. The firefly luciferase activity was measured from each sample using the Promega luciferase assay system with the Fluoroskan Ascent FL Microplate Fluorometer and Luminometer. For each sample, the firefly luciferase activity was normalized to the vector control.
Results
Bacterially Derived Recombinant NPAS3 Fusion Proteins
The constructs used for bacterial expression were designed with an N-terminal GST tag to facilitate the purification of soluble protein under native conditions (see schematic, fig. 1 a) . Purified WT NPAS3 or purified NPAS3-V304I ( fig. 1 b, left and c, left) were detected at 125 kDa (black arrow), corresponding to the predicted size of full-length NPAS3 ( ∼ 100 kDa) with a GST tag ( ∼ 25 kDa). The other bands detected by Coomassie stain- ing (gray arrows) represent potential cleavage products of NPAS3. Western blot analysis of the purified fusion GSTprotein ( fig. 1 b, right and c, right) showed reactivity to antibodies generated against the N-terminus and C-terminus of full-length NPAS3, confirming the identity of the 125-kDa band. The other bands detected match the Coomassie staining and suggest various N-terminal (dark gray arrows) and C-terminal (light gray arrows) cleavage products.
The V304I Mutation in Purified NPAS3 Increases Aggregation An aggregation assay was performed using purified recombinant GST-tagged fusion proteins to compare the propensity of WT NPAS3 and NPAS3-V304I to aggregate. The fusion proteins were treated with ProTEV Plus protease to cleave the N-terminal GST tag and release the full-length monomeric protein, initiating aggregation. The cleavage reaction was allowed to proceed for up to 48 hours. Western blots using a C-terminal NPAS3 antibody ( fig. 1 d) showed NPAS3 with an intact GST tag at 125 kDa (black arrowhead) at time 0. After cleavage of the GST tag from NPAS3-V304I, SDS-insoluble protein accumulated at the bottom of the loading slots/top of the gel (red arrow) by 8 hours ( fig. 1 d right) , and continued to accumulate until the majority of the ∼ 100-kDa monomeric species (gray arrowhead) was undetectable. In contrast, accumulation of SDS-resistant protein (red arrow) ( fig. 1 d left) did not occur until the 16-hour time point after cleavage of the GST tag from WT NPAS3, and was not clearly evident until the 24-hour time point. The full blots are shown in these figures with the insoluble protein accumulating at the bottom of the loading slot/top of the gel (red arrow). In addition, an approximately 70-kDa band was detected that decreased over time, likely an NPAS3 cleavage product that also aggregates, consistent with cleavage-enhanced aggregation detected in other aggregation-prone proteins [31] . The same pattern of loss of monomeric and increase in insoluble NPAS3 was observed using the N-terminal antibody to NPAS3 ( fig. 1 e) , except that the 70-kDa band was not detected. These data together suggest that the V304I mutation enhances aggregation of the NPAS3 protein.
The Region between the PAS Domains Is Critical for NPAS3 Aggregation
In order to identify the region within full-length WT NPAS3 most relevant to initiating aggregation, fusion constructs specific to the various domains of NPAS3 were expressed and purified, and subjected to the same aggregation assay as described above, with detection using the N-terminal antibody ( fig. 2 ) . The fragments that included the HLH domain (AA 1-109) ( fig. 2 a) and the HLH and first PAS1 domain (AA 1-210) ( fig. 2 b) did not form distinct SDS-resistant insoluble aggregates at any point throughout the 24-hour time course. In contrast, the fragment containing the HLH, the first PAS1 domain, and the region up to the second PAS domain (AA 1-331) ( fig. 2 c) , and the fragment containing the HLH and both PAS domains (AA 1-411) ( fig. 2 d) , all formed SDS-resistant insoluble aggregates (red arrow) that accumulated at the bottom of the loading slot/top of the gel. Both of these Fig. 1 . The V304I mutation in purified NPAS3 increases aggregation. a Schematic representation of bacterially derived full-length NPAS3 as a GST fusion protein and its functional domains. Major functional domains include the helix-loop-helix (HLH) domain (green), the PAS1 domain (light blue) and the PAS2 domain (blue). The GST tag (gray; not drawn to scale) is located on the N-terminus of the protein followed by the ProTEV cleavage site. The V304I mutation is indicated as a red line (colors refer to the online version only). b SDS-PAGE/Coomassie analysis of GST-full-length WT NPAS3 and Western blot analysis of purified GST-full-length WT NPAS3 using an N-terminal antibody specific to NPAS3 and C-terminal antibody specific to NPAS3. c SDS-PAGE/Coomassie analysis and Western blot analysis of GST-full-length NPAS3-V304I. For both b and c , purified WT NPAS3 or purified NPAS3-V304I were detected at 125 kDa (black arrow), corresponding to the predicted size of full-length NPAS3 ( ∼ 100 kDa) with a GST tag ( ∼ 25 kDa). The other bands represent NPAS3 cleavage products, with N-terminal cleavage fragments represented by dark gray arrows and C-terminal cleavage fragments by light gray arrows. This demonstrates that we successfully purified NPAS3. d , e In vitro aggregation assay of WT and mutant full-length NPAS3. Cleavage of the N-terminal GST tag initiates aggregation. Time points were collected over 48 hours and analyzed by SDS-PAGE followed by Western blotting. d Western blot analysis of the aggregation time course for GST-full-length NPAS3 (left panel) and GST-fulllength NPAS3-V304I (right panel) using a C-terminal NPAS3 antibody. e Western blot analysis of the aggregation time course for GST-full-length NPAS3 (left panel) and GST-full-length NPAS3-V304I (right panel) using an N-terminal NPAS3 antibody. For both d and e , SDS-resistant aggregates are indicated as a red arrow at the top of the blot, corresponding to the bottom of the loading slot. Fusion protein is indicated as a black arrowhead and cleaved monomer as a gray arrowhead for all Western blots. These data demonstrate that NPAS3 is prone to forming insoluble complexes, reflecting multimeric NPAS3 aggregates, and that the V304I mutation in NPAS3 greatly enhances this process. Purification and Western blots were repeated with similar results. The region between the PAS domains is critical for NPAS3 aggregation. In vitro aggregation assay of NPAS3 fragments. Cleavage of the N-terminal His-GST tag initiates aggregation. Time points were collected over a 24-hour time course and analyzed using SDS-PAGE followed by Western blotting using an Nterminal antibody for NPAS3. The Western blots and domain schematic for the aggregation assay performed are shown for AA 1-109 ( a ), AA 1-210 ( b ), AA 1-331 ( c ), and AA 1-411 ( d ). SDSinsoluble aggregates (red arrow) were only observed in assays performed with N-terminal fragments that included the region between the two PAS domains ( c , d ) where the mutation is located (colors refer to the online version only). The fusion protein is indicated as a black arrowhead, and the cleaved monomer protein is indicated as a gray arrowhead. These data suggest that the unstructured domain between the two PAS domains, where AA 304 is located, contains the critical structural components in initiating aggregation in the NPAS3 protein. Purification and Western blots were repeated with similar results. These data show that WT NPAS3 is prone to aggregate in mammalian cells and that V304I substantially increases aggregation. All experiments were independently performed at least three times, where data are the mean ± SD. * * p < 0.001 using a one-way ANOVA test.
constructs include AA 304, where the substitution occurs in the mutant form of the protein. These data suggest that the unstructured domain between the two PAS domains, where AA 304 is located, contains the critical structural components in initiating aggregation in the NPAS3 protein.
NPAS3 Aggregation Is Dramatically Augmented by V304I in a Mammalian Expression System
In order to investigate NPAS3 aggregation in mammalian cells, we expressed WT NPAS3 and NPAS3-V304I in Cos-1 cells and performed a cell fractionation protocol that yields a purified insoluble protein fraction. Hunting- NPAS3-V304I significantly decreased endogenous NPAS3 compared to empty vector or WT NPAS3. d The levels of endogenous NPAS3 were analyzed in the pellet fraction by Western blot when WT NPAS3 or NPAS3-V304I were separately transfected. NPAS3-V304I significantly increased endogenous NPAS3 compared to WT NPAS3. This suggests that NPAS3-V304I sequesters endogenous NPAS3. Red arrowhead indicates endogenous NPAS3 protein. All experiments were independently performed at least three times, where data are the mean ± SD. * * p < 0.001, one-way ANO-VA test.
tin fragments Htt-1-171-18Q and Htt-1-171-82Q were used as negative and positive controls respectively ( fig. 3 a,  b) , since it is well established that the huntingtin protein with an unexpanded polyglutamine repeat has little ability to aggregate, but aggregation occurs when huntingtin contains an expanded glutamine repeat. As predicted, Htt-1-171-82Q, but not Htt-1-171-18Q, was detected in the pellet (insoluble fraction) after fractionation ( fig. 3 a,  b) . The amount of insoluble NPAS3-V304I was markedly greater than that for WT NPAS3 ( fig. 3 c, d ). We conclude that while WT NPAS3 is prone to aggregate in mammalian cells, V304I substantially increases aggregation.
Exogenous NPAS3-V304I Reduces Soluble Levels of Endogenous NPAS3 and Increases Insoluble Endogenous NPAS3
To determine whether NPAS3-V304I can affect endogenous NPAS3, empty vector, WT NPAS3 and NPAS3-V304I were separately transfected into HEK293 cells. Levels of endogenous and transfected NPAS3 protein were measured after 48 hours by Western blot using a recombinant protein antibody that recognizes both exogenous and endogenous NPAS3. Expression levels of exogenous WT NPAS3 and NPAS3-V304I were similar (black arrowhead) ( fig. 4 a, b) . NPAS3-V304I significantly decreased endogenous NPAS3 compared to empty vector or WT NPAS3 (red arrowhead) ( fig. 4 a, c) . Western blot analysis of the pellet fraction of transfected cells demonstrated that exogenous NPAS3-V304I increases insoluble endogenous NPAS3 (red arrowhead) ( fig. 4 d, e) , suggesting that NPAS3-V304I is sequestering endogenous NPAS3.
Mutant NPAS3 Does Not Cause Cellular Death, but Does Interfere with the Transcriptional Function of NPAS3
To determine whether NPAS3-V304I increased markers of cell death, empty vector, WT NPAS3 and NPAS3-V304I were separately transfected into HEK293 cells, and levels of PARP and microtubule-associated proteins 1A/1B LC3 were measured after 48 hours by Western blot. We did not see any difference in the levels of either marker ( fig. 5 a-d) , suggesting that NPAS3-V304I does not lead to cell death. To determine if the mutation might have a more subtle impact on cell function in this same cell system, we examined the effect of the mutation on the transcriptional activity of NPAS3 using an assay in which expression of a luciferase reporter construct is driven by the promoter for VGF, a known target of NPAS3 [20] . As predicted by our model, NPAS3-V304I aggregates and therefore loses its capacity to activate transcription. VGF transcription was activated to a significantly greater extent by transfected WT NPAS3 than by transfected NPAS3-V304I ( fig. 5 e) , providing a potential mechanism by which NPAS3-V304I may lead to cell dysfunction.
Discussion
We demonstrate, using purified protein and a mammalian cell expression system, that NPAS3 is prone to forming insoluble complexes, reflecting multimeric NPAS3 aggregates, and that the V304I mutation in NPAS3 greatly enhances this process. To our knowledge, this is the first report of a point mutation associated with schizophrenia or bipolar disorder that can lead to protein aggregation. We also demonstrate that NPAS3-V304I reduces levels of soluble endogenous NPAS3 and increases insoluble endogenous NPAS3, and that NPAS3-V304I is less effective than WT NPAS3 in driving transcription. Taken together, these data suggest that the NPAS3 V304I mutation enhances aggregation of monomeric full-length and cleaved mutant and endogenous WT NPAS3, leading to a loss of NPAS3 transcriptional activity via sequestration.
The explanation for NPAS3 aggregation, and the enhanced aggregation of NPAS3 V304I, is not immediately apparent, though our data suggest that the region between the two PAS domains is critical to the formation of aggregates. Mutations are well known to have the capacity to destabilize monomeric forms of a protein, facilitating amyloidogenic intermediates [32] . More generally, oxidative stress and other stress cascades, implicated in the pathogenesis of many diseases of the central nervous system including schizophrenia [33] , can lead to protein misfolding [34] .
The relationship between aggregation and neurotoxicity (defined broadly to include both cell death and cell dysfunction) has been intensely explored [35] [36] [37] [38] . We propose that the aggregation process confers neurodysfunction by sequestration of NPAS3. While the aggregate itself may not be toxic, and could reflect a protective mechanism for the cell to handle deleterious misfolded proteins [35, 39, 40] , the aggregation process signifies, or marks, an underlying pathological process. The nature of the pathological process may differ from one disease to another, but could include toxicity of pre-aggregate protein intermediate species [31, 35] , or a general disruption of protein homeostasis that results in failure of mechanisms that normally check abnormal protein folding [13, 41, 42] . Alternatively, aggregation of a mutant protein could itself lead to disruption of protein quality control mechanisms.
The properties of NPAS3 elucidated in our experiments have intriguing analogies with the properties of DISC1. Like NPAS3, DISC1 may be prone to aggregation [43] [44] [45] [46] . This tendency to aggregate may be relevant to psychiatric disease, as DISC1 aggregates were reported to occur more frequently in post-mortem brain samples from individuals with depression, bipolar disorder, and schizophrenia than in controls [43] . Mechanistically, DISC1 aggregation has been associated with altered do- Quantification of a . c Empty vector, WT NPAS3, or NPAS3-V304I were separately transfected into HEK293 cells, and levels of LC3 were measured after 48 hours by Western blot. d Quantification of c . We did not see any difference in the levels of either of these proteins, suggesting that NPAS3-V304I does not cause cellular death. e Luciferase assay using the promoter for VGF, a gene known to be activated by NPAS3. These data show that NPAS3-V304I has significantly less ability to activate transcription of VGF than WT NPAS3, suggesting that the mutation interferes with the function of NPAS3, likely through sequestration of endogenous NPAS3. All experiments were independently performed at least three times, where data are the mean ± SD. * * p < 0.001, one-way ANOVA test.
pamine homeostasis in a rat model [44] , perhaps related to sequestration of DISC1 itself or of other proteins sequestered along with DISC1 (e.g., dysbindin) [45] . Loss of DISC1 is also associated with a decrease in VGF expression, of interest here given the potential loss of VGF expression following loss of NPAS3 [47] .
Protein aggregation is a common finding in many neurodegenerative diseases (including Huntington's disease, Parkinson's disease, and Alzheimer's disease) [31, 36] . Our results provide additional evidence, in support of earlier findings in DISC1, that protein aggregation, and more broadly, disruption of protein homeostasis and quality control, may contribute to the pathogenesis of at least a subset of patients with major mental illness. This concept suggests that determining the frequency and scope of abnormal protein homeostasis and quality control in brain samples from individuals with mental illness, and in cell and animal models of these diseases, has the potential to yield novel pathways and therapeutic targets.
